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Abstract The step-pool spillway is inspired by rhythmic sequences of steps and pools in steep mountain
streams. By mixing the hydraulic process of stepped spillways and mountainous river step-pool systems,
a new kind of stepped spillway, called the step-pool spillway, was designed for a noticeable increase in
energy dissipation. The step-pool spillway has increasingly turned into an effective energy dissipator.
However, until now, most studies on step-pool spillway overflow have been based on the model test.
In this study, the two-phase flow over two types of step-pool spillway was investigated using two-phase
schemes (Volume Of Fluid (VOF) and mixture) and various turbulence modeling. Numerical simulation of
two-phase flow was carried out on two types of step-pool spillway with various slopes. Comparison of
the energy dissipation rates and flow field variables of the present simulation with those of experimental
models is presented. Results show that the mixture model with the Reynolds Stress turbulence Model
(RSM) is suitable for simulation of two-phase flow over spillways.
© 2013 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Recently, a few researchers conducted numerical simula-
tions of flow field over stepped spillways. Benmamar et al. [1]
developed a numerical model for a two-dimensional flow
boundary layer in a stepped channel with a steep slope, which
was based on the implicit finite difference scheme. Chen
et al. [2–4] used the k–ε turbulencemodel to simulate the com-
plicated turbulent overflow. Cheng et al. [5] simulated the void
fraction of air–water two-phase flowover stepped spillways us-
ing the k–εmodel. TheRNG k–ε turbulencemodel and amixture
scheme to simulate the air–water two-phase flow over stepped
spillways with the PISO arithmetic technique were adopted by
Cheng et al. [6]. Zhi-yong and Hun-wei [7,8] conducted numer-
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http://dx.doi.org/10.1016/j.scient.2012.11.013ical simulation of hydraulic characteristics of skimming flow,
nappe flow and transition flow over a mild stepped channel.
The earliest numerical work available using turbulence mod-
eling is by Carvalho and Martins [9], who employed the RNG
(renormalization group) k–ε turbulence model to simulate the
complicated turbulent flow over spillways.
Researchers in the last two-decades tried to increase the
energy dissipation efficiency of flow over stepped spillways
by increasing the turbulence rate of the flow field. When
water flows over a stepped spillway, the roughness elements
or steps significantly increase the energy dissipation rate, and
reduce the size of the downstream energy dissipator and
its cost of construction. Therefore, by mixing the stepped
spillway hydraulic process and themountainous river step-pool
system for a noticeable increase in energy dissipation, a new
kind of stepped spillway, called the step-pool spillway, was
designed [10,11]. In this spillway, steps play the role of debris
in mountain rivers.
Chaturabul [12] depicted that the presence of an end
sill spillway increases the relative energy loss by about 8%.
Laboratory studies on step-pool spillways [10] showed that on
this new spillway, the relative energy loss is about 30% more
than for the horizontal stepped spillway. Energy grade lines of
three types of spillway are shown in Figure 1. In the step-pool
evier B.V. Open access under CC BY-NC-ND license.
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(unstepped spillway, Horizontal stepped spillway, step-pool spillway) [10].
spillway, large vortices in pools is the cause of increasing the
rate of energy loss.
In this study, turbulent two-phase flow over a step-pool
spillway has been simulated using the Reynolds Stress Model
(RSM) and mixture scheme. Today, with the use of high-
performance computers and more efficient Computational
Fluid Dynamics (CFD) codes, the behavior of flow structures
can be investigated numerically in reasonable time and with
reasonable expense.
In this study, the finite volume computational fluid dynam-
ics code has been used to simulate the main characteristics of
the flow.One of the advantages of numericalmodeling is to sim-
ulate the prototype in the actual size. In this study, at first, two-
phase flow over various stepped spillways has been simulated,
the results are comparedwith the experimental data and a suit-
able method is adopted. Then, two-phase flow over a step-pool
spillway has been simulated.
2. Numerical setup and procedure
The finite-volume-based code with a structured grid was
used to solve the Navier Stokes equations of flow over stepped
spillways. The convective fluxes in the momentum and tur-
bulence closure equations were discretized by a conservative,
second-order accurate upwind scheme. The Pressure-Implicit
with Splitting of Operators (PISO) algorithm has been applied
to couple the velocity and pressure implicitly.
In this study, two-phase turbulent flow was simulated by
the VOF and mixture model with various turbulence modeling
schemes. The mixture and the Volume Of Fluid (VOF) schemes
differ in three respects [6]:(i) The mixture model allows the phases to be interpenetrat-
ing, therefore, the volume fractions, αk and αq, in a control
volume can be equal to any value between 0 and 1, depend-
ing on the space occupied by phase k or phase q.
(ii) The mixture model allows the phases to move at different
velocities, using the concept of slip velocities.
(iii) There is an interaction of inter-phase mass, momentum
and energy transfer in the mixture model. However, the
VOF method does not compute dynamics in the void or air
regions.
3. Governing equations
3.1. VOF model
Since the flow is considered incompressible, the continuity
and momentum equations for turbulent flow are as follows:
∇ · V = 0, (1)
∂V
∂t
+ (V · ∇)V = 1
ρ
∇ · τ , (2)
where τ is stress tensor and is equal to:
τij = −pδij + 2(µ+ µt)Sij, (3)
where p, S, µ, V , ρ andµt are static pressure, strain tensor rate,
dynamic viscosity, fluid velocity, fluid density and turbulence
viscosity, respectively. Note that the dynamic condition,
i.e., continuity of pressure at the interface, is automatically
implemented. The kinematic condition, which states that the
interface is convected with the fluid, can be expressed in terms
of volume fraction α, as follows:
Dα
Dt
= ∂tα + V · ∇α = 0.0. (4)
In the VOF method, the interface is described implicitly. The
data structure that represents the interface is the fraction α of
each cell that is filled with a reference phase, say phase 1 [13].
The scalar field, α, is often referred to as the color function. The
magnitude of α in the cells cut by the free surface is between
0 and 1 (0 < α < 1) and away from it is either zero or one. µ
and ρ at any cell (denoted by ij) can be computed using a simple
volume average over the cell:
ρij = αijρl + (1− αij)ρa, (5)
µij = αijµl + (1− αij)µa, (6)
where subscripts (l) and (a) denote liquid and air, respectively.
3.2. Mixture model
The mixture model equations are derived by Ishii [14].
3.2.1. Continuity equation for the mixture flow
∂ρm
∂t
+∇ · (ρmum) = 0, (7)
where themixture density and themixture velocity are defined
as:
ρm =
n
k=1
αkρk, (8)
um = 1
ρm
n
k=1
αkρkuk, (9)
where αk and ρk are the volume fraction and density of phase k,
respectively. The mixture velocity, um, represents the velocity
of the mass centre of the mixture flow.
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Figure 3: Y+ diagram of a typical stepped spillway model.
3.2.2. Momentum equation for the mixture flow
In terms of the mixture variables, the momentum equation
takes the form:
∂
∂t
ρmum +∇ · (ρmumum) = −∇P+∇ · (τm + τkm)
+∇ · (µeff∇um)+ ρmg. (10)
The two stress tensors are defined as:
τm =
n
k=1
αkµeff∇uk, (11)
τkm = −
n
k=1
αkρkumkumk, (12)
where umk is the diffusion velocity for themixture flow. The two
stress tensors represent, respectively, the average viscous stress
and diffusion stress due to the phases slip.
3.2.3. Continuity equation for secondary phase k
From the continuity equation for secondary phase k, the
volume fraction equation for secondary phase k can be
obtained:
∂
∂t
(αkρk)+∇ · (αkρkum) = −∇ · (αkρkuMk) . (13)Figure 4: Regular meshing of models.
Figure 5: Configuration and notation of steps: (a) Horizontal steps; (b) Inclined
steps; and (c) Steps with end sills.
Figure 6: Comparison of energy depletion amount obtained from the VOF and
mixture models with experimental results.
3.2.4. The relative velocity
The relative velocity (also referred to as the slip velocity) is
the velocity of the vapor phase relative to the velocity of the
liquid. If the slip velocity is not solved, the mixture model is
reduced to a homogeneous multiphase model. In this paper,
an algebraic slip method for the slip velocity has been used.
It prescribes an algebraic relation for the relative velocity. TheTable 1: Experimental models of [16].
Parameters Models
I II III IV V VI VII VIII IX X XI XII XIII XIV
β 0 0 0 0 0 10 10 20 20 30 30 0 0 0
m – – – – – 0.019 0.019 0.038 0.038 0.061 0.061 0.050 0.050 0.050
VT (m/s) 3.43 3.62 3.80 3.90 4.05 3.69 3.47 3.60 3.41 3.52 3.36 3.44 3.66 3.84
dc/h 0.89 1.02 1.12 1.22 1.35 1.13 1.01 1.13 1.01 1.13 1.01 0.99 1.15 1.28
EL (m) 1.63 1.58 1.52 1.49 1.45 1.56 1.63 1.59 1.65 1.64 1.68 1.62 1.56 1.51
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Models h90 (m) VT (m/s) VT (m/s) hw (m) E1 (m) E2 (m) EL (m) EL (m)
EXP. EXP.
Model I Mixture 0.128 0.320 3.43 0.025 2.26 0.55 1.72 1.63VOF 0.047 2.550 3.43 0.040 2.26 0.37 1.89 1.63
Model II Mixture 0.146 3.230 3.62 0.028 2.28 0.56 1.72 1.58VOF 0.050 2.215 3.62 0.039 2.28 0.29 1.99 1.58
Model III Mixture 0.158 3.420 3.8 0.034 2.30 0.63 1.67 1.52VOF 0.056 2.570 3.8 0.049 2.30 0.39 1.91 1.52
Model IV Mixture 0.162 3.660 3.9 0.038 2.31 0.72 1.59 1.49VOF 0.061 2.699 3.9 0.052 2.31 0.42 1.89 1.49
Model V Mixture 0.182 3.800 4.05 0.043 2.34 0.78 1.56 1.45VOF 0.066 2.870 4.05 0.057 2.34 0.48 1.86 1.45
Model VI Mixture 0.154 3.580 3.69 0.033 2.30 0.59 1.61 1.56VOF 0.059 2.510 3.69 0.052 2.30 0.37 1.93 1.56
Model VII Mixture 0.180 3.080 3.47 0.042 2.28 0.54 1.74 1.63VOF 0.054 2.520 3.47 0.048 2.28 0.37 1.91 1.63
Model VIII Mixture 0.161 3.510 3.6 0.034 2.30 0.66 1.64 1.59VOF 0.062 2.450 3.6 0.054 2.30 0.36 1.94 1.59
Model IX Mixture 0.180 3.050 3.41 0.043 2.28 0.52 1.76 1.65VOF 0.050 2.510 3.41 0.044 2.28 0.37 1.91 1.65
Model X Mixture 0.164 3.450 3.52 0.032 2.30 0.64 1.66 1.64VOF 0.065 2.370 3.52 0.056 2.30 0.34 1.96 1.64
Model XI Mixture 0.186 3.000 3.36 0.047 2.28 0.51 1.77 1.68VOF 0.058 2.410 3.36 0.050 2.28 0.35 1.93 1.68
Model XII Mixture 0.177 3.220 3.44 0.047 2.28 0.58 1.70 1.62VOF 0.050 2.520 3.44 0.043 2.28 0.37 1.91 1.62
Model XIII Mixture 0.185 3.340 3.66 0.051 2.30 0.62 1.68 1.56VOF 0.055 2.730 3.66 0.049 2.30 0.43 1.87 1.56
Model XIV Mixture 0.190 3.470 3.84 0.050 2.32 0.66 1.66 1.51VOF 0.060 2.860 3.84 0.056 2.32 0.47 1.85 1.51Table 3: Analysis of simulated numerical models using mixture models with different turbulence modeling.
Viscous model Model II Model III Model VI Model VII Σ∆(EL) Σ∆(VT )
VT (m/s) EL (m) VT (m/s) EL (m) VT (m/s) EL (m) VT (m/s) EL (m)
k–ε
Standard—k–ε 3.23 1.72 3.42 1.66 3.58 1.61 3.51 1.64 0.97 0.38
RNG—k–ε 3.39 1.67 3.57 1.61 3.67 1.56 3.57 1.62 0.51 0.21
Realizable—k–ε 3.33 1.69 3.61 1.60 3.72 1.57 3.72 1.56 0.63 0.23
k–ω Standard—k–ω 3.49 1.64 3.55 1.62 3.79 1.54 3.77 1.55 0.65 0.22SST—k–ω 3.22 1.71 3.53 1.63 3.73 1.56 3.70 1.53 0.81 0.30
Reynolds stress
Linear pressure–strain 3.16 1.74 3.44 1.66 3.59 1.63 3.45 1.66 1.07 0.44
Quadratic pressure–strain 3.25 1.71 3.47 1.65 3.64 1.59 3.28 1.69 1.07 0.39
Low-Re Stress–Omega 3.53 1.62 3.60 1.60 3.73 1.56 3.59 1.61 0.34 0.14
Experimental 3.62 1.58 3.80 1.52 3.69 1.56 3.60 1.59basic assumption of the algebraic slip mixture model is that
the phases should be reached to a local equilibrium over a
short spatial length scale. The details of this model have been
presented by Manninen et al. [15]. The bubble diameter used in
the simulation is 5 mm.
4. Boundary conditions and grid study
Figure 2 shows the schematic representation of stepped-
spillway and the boundary conditions which are used. At the
inlet section, water and air inlets are separated. In the water
inlet, the uniform velocity and the water depth, which are cal-
culated from the discharged flow, are imposed. At the air in-
let and the upper surface, the atmospheric pressure is adjusted.
The boundary between water and air at the downstream could
not be distinguished, therefore, at the outlet, again, the pres-
sure boundary, or free-flow condition is assumed. All the walls
are set as stationary (no-slip condition). At the initial time, it is
assumed that there is air over the stepped spillway and, then,
water will flow over the spillway and the air–water two-phase
flow will be formed.In all the simulated models in this study, the standard wall
function has been used in turbulence modeling. The value of
Y+ (Y+ = ρu∗y
µ
) in the standard wall function should be in the
range of 30 < Y+ < 300, in order to achieve the most correct
results. Figure 3 depicts Y+ values for a typical numerical simu-
lation of a stepped spillway. It shows that the Y+ value has been
placed approximately in the appropriate range of 30 < Y+ <
300. Figure 4 shows the schematic structured mesh that is used
in this study.
5. Results and discussion
The analysis of numerical stepped spillwaymodels has been
done in two steps. At the 1st step, Chinnarasri’s experimental
models (horizontal steps, inclined steps, and steps with end
sills) have been simulated using the mixture and VOF methods.
The step models configurations are shown in Figure 5. The
constant parameters in the models are h = l = 0.106 m,HT =
2.12 m, θ = 45°, where h, l,HT and θ are the step height, the
horizontal step length, the total drop height and the slope of the
stepped channel, respectively.
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(b) mixture model, (c) VOF model.
Figure 8: Eddy flow within the steps in mixture model.
The data of the experimental models [16] are shown in
Table 1. In this table, β is the angle of the inclined step,m is the
characteristic heights of the step, VT is the total depth-averaged
mixture velocity which is calculated at the downstream of the
spillway, dc is the critical flow depth and EL is the energy loss
of flow on a stepped spillway. Table 2 shows the results of the
present study, both with the VOF and mixture model with the
standard k–ε turbulence closure. In this table, C, VT , E1, E2 and
EL represent the average concentrations of air, total velocity,
total energy at the beginning of the first step of the spillway,Figure 9: Flow fields with h90 depth in mixture model.
Figure 10: A negative pressure on the locative position on steps in mixture
model.
total energy after the vortices at the end of the spillway and
EL = E2 − E1, respectively. The above values were measured
based on the h90 depth (the depth at which the volume fraction
of air is 0.9). These two variables were exactly measured at the
downstream fragment of the spillway a little after the last step
vortices. hw shows the depth ofwater flow,which is determined
by the following empirical relation [17]:
hw = h90(1− C). (14)
The comparison of total depth-averaged velocity in Tables 1
and 2 shows a better agreement of the mixture model results
with experiments. Figure 6 shows the comparison of energy
loss of the VOF and mixture model results with those of the
experimental one. It depicts that the VOF model results are
a little overpredicted in comparison with the mixture results,
which are in good agreement with experimental data.
Figure 7 shows the free surface flow over the stepped
spillway in experiments, VOF and mixture numerical models.
It is apparent that the mixture model flow field shows a better
agreement with experiments than the VOF model. The reason
is that in the explicit VOF model, the air cannot diffuse to the
water, and the boundaries of the water and air are separate. In
the mixture model, no obvious boundary is apparent between
the water and air phase, and the flow field shows the aeration.
In this figure, the contour of the volume fraction is shown and
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and air.
Figure 8 shows the vortex generated in the steps with the
mixture model and this vortex causes more dissipation of
energy in each step. Figure 9 depicts the depth at which the air
volume concentration is 0.9. The negative pressure positions on
the steps in the mixture model are depicted in Figure 10. These
positions are the critical positionswhere cavitating flowmay be
occurred, and should be analyzed for this phenomenon.
After deducing that the mixture model can predict results
better than the VOF model, the above example, again, has been
solvedwith various types of two-equation Eddy-Viscosity, such
as Standard k–ε, Realizable k–ε, RNG (RENORMALIZED GROUP)
k–ε, Standard k–ω, SST (Shear Stress Transport) k–ωmodels and
also the RSM model, in order to achieve the best turbulence
model.
The simplest and most complete scheme in turbulence
models are two-equation models, in which two separate
transport partial differential equations for the kinetic energy of
turbulence and the length scale or turbulence dissipation rate
are solved. In the RSM model, each term of Reynolds stress
is calculated using a transport partial differential equation
and one additional partial differential equation is used for
solving the dissipation rate. The RSM model usually has more
ability in modeling turbulent flow; however, it increases the
computational time [18].
In Table 3, the total velocity and head loss in all turbulence
models are compared with the experiments and it is obvious
that the minimum error belongs to the RSM (Low-Re Stress-
Omega)model and that it is superior to othermodels. In Table 3,
∆ is the difference between the numerical and experimental
results of each model.In this part of the study, a newdesign for a step-pool spillway
is numerically analyzed. Mardashti [10] designed six types of
new step-pool spillway and experimentally analyzed them. He
has reported that among his models, types 4 and 5 are the
optimal types. The basic difference between these two types is
in the coefficient, K , of the ogee spillway curve relation, which
is as follows:
Y = KX1.85. (15)
General principles of step-pool spillway architecture, which
are depicted in Figure 11, are as follows:
• Pool height is such that: 0.18 < HPL < 0.22.
• Pool length is such that: 0.35 < LPL ≤ 0.4.• Amount of relative slope is certainly close to C = 1.5, where
C = H/LS = 1.5.• The upstream curve of steps is designed as an ogee curve.
• The downstream front of the pool is perpendicular to the
spillway slope.
In this research, in addition to analyzing types 4 and 5 with
slopes of 18.8 and 28, which are reported experimentally [10],
some new step-pool spillways of type 4 with slopes of 35°,
40°, 45° and 50° have been designed and numerically analyzed.
Table 4 shows the characteristics of different models of step-
pool spillways that have been analyzed here.
Table 5 is the comparison of the presented results with
Mardashti and Talebbeydokhti [11] experiments for themodels
of types 4 and 5 with 18.8° and 28° slopes. It should be
mentioned that the meshing strategy and boundary conditions
are the same as stepped-spillways in the previous sections.
In this table, the values of energy loss percentage for
different discharges were evaluated. The worst case shows an
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Models θ (°) L′ (cm) L (cm) H (cm) Lp (cm) Hp (cm) S (cm) Lp/L Hp/L K
css-18.8-m4 18.8 117.2 110.9 54.9 57.1 17.1 5 0.51 0.15 0.047
css-18.8-m5 18.8 117.2 110.9 54.9 57.1 17.1 5 0.51 0.15 0.047
css-28-m4 28 117.2 103.4 70.0 35 15 5 0.34 0.15 0.044
css-28-m5 28 117.2 103.4 70.0 35 15 5 0.34 0.15 0.044
css-35-m4 35 117.2 96.0 85.2 35 18 5 0.37 0.19 0.041
css-40-m4 40 117.2 89.8 93.3 35 18 5 0.39 0.20 0.038
css-45-m4 45 117.2 82.9 100.9 30 18 5 0.36 0.22 0.035
css-50-m4 50 117.2 75.3 104.8 30 15 5 0.4 0.20 0.032Table 5: Comparison of step-pool spillways numerical models with an
experimental sample.
Models q

m3
s

Experimental Mixture Error
EL/E1 ∗
100
EL/E1 ∗
100
θ = 18.8°
4
7 93.17 84.90 −8.27
10 90.96 81.06 −9.90
15 88.53 78.19 −10.34
20 85.96 75.03 −10.93
25 85.07 72.48 −12.59
30 84.10 71.08 −13.02
5
6 93.82 87.83 −5.99
10 91.16 82.36 −8.80
15 89.89 77.95 −11.93
20 88.15 75.37 −12.77
25 86.45 72.52 −13.94
30 84.99 71.11 −13.88
θ = 28°
4
7 94.35 85.43 −8.92
10 91.95 82.38 −9.56
15 90.82 78.34 −12.49
20 89.92 75.15 −14.76
25 89.26 72.56 −16.69
30 87.35 71.15 −16.20
5
6 94.84 85.55 −9.29
10 92.82 82.51 −10.31
15 91.40 78.15 −13.25
20 90.32 75.45 −14.87
25 89.72 72.85 −16.87
30 87.89 71.25 −16.64
error of 16.87% and this is fairly acceptable for such a complex
geometry.
Figure 12 shows the comparison of Table 5 graphically. As
clear in this figure, in both cases, the relative error increases
by increasing the discharge flow. These errors may be related
to the formation of the calculated vortices in the pools
(Figure 13), which are not exactly the same size and shape as
the experimental vortices.
Figure 14 shows the formed vortices in the steps, which is
the main reason for energy dissipation.
Figure 15 shows the free surface contour and there is no
obvious boundary apparent between the water and air phase,
and the flow field shows the aeration. Figure 16 depicts the
location of the negative pressure on the steps for one kind of
step-pool spillway. This position is the critical position where
cavitating flowmay be occurred and should be analyzed for this
phenomenon.
Finally, the designed models for 35°, 40°, 45° and 50° slopes
are numerically analyzed. The results of analysis of step-pool
spillways with four new slopes are given in Figure 17. This
figure again shows that the relative energy loss decreases
when the discharge flow increases. Also, it is depicted that by
increasing the slope angle with the fixed length of spillways,
the energy loss will increase.Figure 12: Comparison of the achieved results of numerical and experimental
analysis of step-pool spillway m4, m5 models for the two 18.8° and 28° slope.
6. Conclusion
In this study, two-phase turbulent flow has been simulated
by two types of a two-phase modeling scheme (VOF and
Mixture) and various turbulence modeling schemes. Numerical
simulation of two-phase flow has been done on two types
of step-pool spillway with various slopes. Comparison of the
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Figure 14: Formed eddy flow in steps of the step-pool spillway steps.
Figure 15: Contour of free surface on the step-pool spillway in mixture model.
energy dissipation rate and flow field variables of the present
simulation with those of experimental models is presented.
Results show that the mixture model with the Reynolds stress
turbulence model is more suitable for simulation of two-
phase flow over spillways. Moreover, it was found that in
step-pool spillways with a constant slope, the relative energy
loss decreases when the discharge increases. In addition, for
a certain discharge, with a constant length of spillway, the
relative energy loss increases when the slope of the spillway
increases.Figure 16: Maximum negative pressure of locative position in step-pool
spillway.
Figure 17: The percentage of energy loss versus discharge flow for various
slope angles.
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